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The  detailed  nuclwnion  of  secondary  photociu-rent  generation  in  trsrolotoro  duo  to 
ohort  jjuIocjo  of  ionizing  radiation  io  discussed  quantitatively  urvl  tlio  rcoulto  Of 
i r  0.2  ;wc c  flush  X-ray  c:;parin.nto  urc  explain  d.  Ilia  dependrncoo  of  tlm  transient  current 
pulco  on  transistor  typos,  radiation  doze,  initial  blue  level,  und  external  circuit  iwped* 
unco  are  presented.  A  possible  equivalent  circuit  controlled  by  stored  Luoo  charges  io 
developed  which  rud-cs  it  possible  to  predict  more  accurately  the  tranoient  rcopousco  of 
cuny  tranoiotor  circuits^ 

4-  -0.V  mesr^k  "•  >'/' 

Tho  effects  of  tho  rroloi'ced  exposure  of  trumirtoro  to  nuclear  radiation  have  been 
otu.licd  for  a  number  of  ye  .ro  end  ccvcral  author.)1”  ■  have  publiohed  uccounto  of  their  work. 
It  io  well  established  tlut  the  g.r.r.i  r.y  cc.noi/cnt  of  radiation  produces  tet  porary  ioniza¬ 
tion  effects,  wheroua  ucutrona  cause  pc  rev.  non  t  d:u.vaco  to  tho  cccdeonductor  tutorial,  rcault* 
ing  in  reduction  of  the  carrier  lifctl  .•  end  tho  degradation  of  ccvornl  critical  trunolotor 
para;.ot*ra,  notably  oc  uni  ICQ.  In  coi.tr  at  to  tho  Litter  veil  understood  situation,  rela¬ 
tively  litllo  consideration  ha  a  been  given  to  tha  behavior  of  a  trunolotor  cxi>oocd  to  u 
chort,  intense  dose  of  ionicii.,';  radiation,  whore  lraporUint  trunoient  cffccto  might  bo 
expected. 


When  trunclntora  in  tho  grounded  critter  configuration  were  expoeod  to  0.2  /iscc  pulse o 
of  radiation  fro.i  the  Cecil:,'  flash  X-r^-y  facility,  large  current  pulncu  having  durations  of 
ccvcral  p:.ec  or  uorc  were  observed.  Tamo  x'csulto  could  not  bo  explained  directly  on  tho 
buoio  of  current  carrier  ger.oivtion  in  the  depletion  region  or  adjacent  portioro  of  tho 
trar.olctor,  ui  i  therefore  addition  1  i  mechanic. u  wero  sought  to  explain  tho  prcccnco  of  tho 
long  current  uftur-pul.no.  V.c‘.lj.y°  has  o’. served  uiril-r  effects  in  translator  type  otructurco 
when  exposed  to  alpha  p.rtielco.  Be  refers  to  thin  current  uo  a  secondary  photocurrent  uo 
dlutlnguislied  frea  tho  prir.uy  current  flowing  in  the  depletion  region  ut  th*  time  of  the 
radiation  pulse.  It  is  postulated  t!ut  the  production  of  carriers  in  the  trunolotor  will 
cause  a  tc:po;\.ry  ucouiulatlon  of  uijcrity  a  rricro  in  tlio  baso  rep, ion  vhiehttcrida  to 
forward  Li  s  the  emitter  Junction  and  thus  produco  tlio  secondary  pliotocurrent.  Tho  present 
report  will  ouui.rlzo  tlio  original  work  reported  earlier'-''10  und  preoont  ooiao  additional 
recent  obccrvaciona. 


In  tho  first  section  of  this  paper  a  theoroticul  unalyolo  of  the  dotailo  of  tho  photo- 
curront  gem  ration  will  be  pro  con  ted  which  ullo-o  quantitative  cstiiatcu  to  bo  made  of  tho 
expected  behavior  of  ussy  types  of  tr.anni store  under  various  operating  eoaditiono  when 
irradiated  with  ohort  pulses  of  ionising  radiation.  The  next  section  will  contain  cxpcrl- 
ncr.tul  results  obtained  vita  tho  fl;  oh  X-ray  ar.d  a  detailed  co./v:rinon  of  those  rooulta 
with  t’ac  theoretical  predictions.  The  close  agreement  between  theory  and  e:<i>e risen t  ullovo 
the  devolopa'.nt  of  an  equivalent  circuit  which  is  described  in  tha  third  section.  Tito 
ccoontial  b  liuvlor  of  thio  circuit  is  controlled  by  tlio  flow  of  charges  in  und  cut  of  the 
base  reel  on  of  tha  device.  This  circuit  representation  mheo  it  now  pocoiblo  to  predict 
tho  transient  response  of  tuny  cireuit  uppllcatlona. 

T:i:obfficAL  MifXYbia 


Charge  Buildup  in  Faso  Pmfen 

In  order  to  ccrplain  th.e  effects  of  short  pulses  of  X-rayo  on  trar.slotors,  let  uo  con¬ 
sider  first  the  case  of  tho  2733b  r.-p-a  silicon  groun-Junetion  transistor  operated  with 
tho  bane  oyen  and  uniformly  irradiated  for  0.2  pace.  Uo  wish  to  calculate  the  collector 
(or  emitter)'  current  a3  a  function  of  tire,  The  following  sequence  of  ovento  will  bo 


uOJUlvdl 


1.  llolo-olcctrou  pairs  oro  created  uni  for.  . ly  by  tho  radiation  throughout  all  tlu*co 
regions  o:  tho  transistor. 

2.  In  tho  base  (for  an  n-p-n),  electrons  diffuse  to  tho  collector  Junction  and  an* 
collected,  Holes  are  left  bc.iind  to  i‘c:vi  u  positive  excess  cl m*co. 

3.  In  tlw  collector  lody  ’n1  ji  <11  f  free  to  the  collector  Junction  and  drift  acroaa 
to  tho  l*.  so  region,  thus  iucr  ~i: , ,  Vn  excess  pwitivo  clrrj:  I11  tho  U100. 

h.  Tho  total  c.\  coo  r.njcrity  carrier  c!*arjo  in  tho  lace  forward  biaocu  tho  cclttor 
Junction,  rcsultirj  in  tdrority  carriers  (electrons)  flcuicc  nearly  oiraultanoously  into 
the  baso  freu  tho  ctittcr.  These  curriers  coaicncuto  for  tho  excess  baco  cliarjc  and 
provide  epacu  ch-rjo  neutrality. 

5.  Tho  injected  ulnority  carricro  (electrons)  diffuse  to  tho  collector  Junction  und 
oro  even l  out  by  tho  revorco  bina  field  virus  contributing  to  tho  external  current  us 
Iojij  uo  tho  excess  lujority  clurjc  retains  stored  in  t’.jo  baaa  rocioa.  Eocauso  tlw  col¬ 
lector  diffusion  lerjth,  L^,  is  each  creator  than  tho  baca  width  in  tin  2iI33w»  the  busier 
of  holen  avail  able  in  tho  base  free  process  (3)  crcutly  exceed  o  tint  froa  (2).  Thuo,  wo 
Croat  investi^ato  holo  current  into  tho  loco  frai  t!:o  collector. 

6.  Itolo-oloctren  roc ordination  in  tho  Ixioo  ui.i  collector  io  a  continuous  procooa  which 
competes  with  t!io  chirjo  bulld.o  iu  tho  Lose  ui  d  which  ultl.xitcly  taboo  over* 

Vo  ray  calculate  tho  total  positive  chur^o  flowing  froa  collector  to  baoo  by  mkln^ 
uso  of  tlio  diode  resulto  of  M.  L.  Grown11  who  cslculatco  a  hole  current,  ip,  of 

l/2  * 

ip  -  <-Lp  erf  j  for  t<  tp  (lu) 

ip  -esi,  [or*(-!;)  7  ’cr‘’  [~vf]  1  fort>t> 


^  1.6  X  lO”^  cOUiO-bs 

E  -  concretion  rate  (uucuas  2GO  tur  doao  in  oillcon) 

**  10^  rad/nco  t  Jx  lO1^  pairs/cs^  -  rad 
»  7  X  IQ1'*  puira/scc  -  ct^ 

Lp  -  dif"usion  lcnjth  for  holes  iu  collector 

tp  “  length  of  Ionizing  pulso  «  2  x  10“7  cue  .  < 

'C  *»  holo  lifetime  in  colloctor  a  2  pcoc  . 

I.'oto  that  uncertainty  in  c  due  either  to  inaccurate  data  on  radiation  rato  or  oper¬ 
ation  efficiency  will  affect  the  caj:iitu.io  of  tho  result,  but  not  tho  tiro  dependcnco. 

Tho  time  dependence  io,  howovor,  closely  related  to  'EL  which  io  ccr.crally  not  accurately 
known. 

The  totul  churjc,  paosinj  into  tlio  baco  io  jivon  by 


Graphical  intonation  chows  that  for  t-0  -  2  >iacc,  9#  of  tho  total  charjo  liaa  entered  tho 
bacc  after  1,0  pace.  This  is  illustrated  in  ilj.  1,  whore  tho  hole  current,  ip,  and  tho 
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chtr.jc,  Ap,  are  plotted  ua  function  of  tJ:ve  fro-i  equations  (l)  un.l  (f). 

In  nllltlon  to  hide.!  JL;i  fou  the  coll.: tor,  elect  raw  leave  tho  lane  by  dif¬ 

fusion  to  tho  collector  j  :  ictla.i,  than  fr.flf.vr  ii,cr>.-...ii:sj  thi  not  positive  char^o  In  tho 
ba;;:,  fithent  calculable..,  uj  rd  ,ht  c..;j„cl  ih:  cn.was  Chirac  orldlwiSit;;  in  tltt  bsoo  to 
u:.i ).u;t  to  -joat  o.io  cltUi  o.'  the  tOv*l  (l,  ->  5»)  ui.l  for  it  to  acei’..,'Jb.to  in  a  tiuo  of  tivo 
order  of  cavcrui  ti\r.  it  ti  .  tut  in,  ..c  cow  uo  tf.a  li.ci'lcr.t  iralai  io  over.  T.iio  con¬ 
tribution  la  also  chown  in  l_j.  1. 

L'viiontly  the  c::eoco  char,-:  ir.  t’.w  \x':;o  will  forward  bias  tho  critter,  causo  current 
to  fio.i  u;;d  thus  produce  th:  ohc.rrvcd  craven t  pulcu.  Since  tho  Ur.j  tvaiuiit  tivo,  t^,  io 
about  10” °  eve,  covvi.:v>‘::*.i*..”  to  c:i  nl*  hu  cut-off  frcqu..::oy  of  1J  re,  vc  would  (ix£cct  tho 
critter  forward  volt ic.d  hmvc  the  eaten, -1  earrci.t  to  follow  th?  cUv.y.o  builds  in  tho 
base,  end  hu.eo  to  v..  ,h  u  i.r:i:  si  one  cr  try  idcro:a.:o:.<l3  after  t’.u  Ji-ray  palce.  I'ccan- 
biiution  process.as  will  later  cause  the  eiuvc.t  to  den'-/. 

Several  c o.:.:eq' v-acea  of  t’w  if.A/vo  theory  and  cal*:u.V;tior..i  i.v:y  to  ueli>:o»l  fro  2  cloven- 
..ury  coi.^lut. r •  i#ey« -a •  la  cn  .ur*..,  pi.**,'.!,  »*A,,v*o  wu  c<ve  deuliu  *  itv  i  u  tr<a.,A;.,vOr  u.*cco 
emitter  in  r.lij:tly  for.; ..  rd  laced  by  i!-,-  ;;  \U<\1  collxetof-to-c—JLttrr  wlty,  any  incrccco 
in  the  c.ilt.  r-to-...ru  vcl.  till  k  .v.lt  in  m  erpe,:  ivtiul  liwrccrc  in  tlio  current,  nov- 
cver,  this  letter  volUro  li.  u  trarr.Jei  »r  1;  ii.sv.  nitivo  to  l.trjc  cher.yca  in  the  applied 
collce tor  volt  fv  no  lor;;  ac  th:  rated  Le..  !  voltayc  ia  rot  uppiwuhud  too  closoly. 
Secondly,  the  to;,  .1  char  >  uceu.r.'.Jat.- 1  In  t  ie  l  -..r,o  ia  vu-oyertlomJ.  to  tho  ir.te^rutoi  radi¬ 
ation  U:;o  p-ovil-d  t-,«2*n.  V..  .ee,  a  v.'vy  ctvci  j  de»e nler.eo  of  photocurrcnt  on  radiation 
intensity  a..ou'U  i  ?  o'aw.'d.  h.  ivl-tlo;:  \:ill  r;t  U>  cnpincntiul  bucauso,  an  will  bo 
ohom-j  later,  the  c;n.rju->,olt..;;e  rel..tlou  at  the  cuivtcr  la  nou-litoar* 

Dl:>tiil»nV.loii  of  ?■' :  e  j.:\  ; _ '  . 

’.’e  ncr,/  \;la!i  to  ii.voati;>.to  lr;  Cot-il  tho  phyciical  prooceaco  vliich  occur  at  the  culttcr 
Junction  caul  in  the  base  dee  to  charge  confltx-  :r.t  in  the  Veiao.  2lji»  will  load  to  u  diu- 
cuaolon  of  t.io  role;;  of  t‘.j  depletion  layer  cup-oitav.c  a:.l  of  tho  diffusion  canacitanco. 
Ultliautely  vo  wle’.j  to  calculate  t.io  xcal;  z hotoeurrur.t  u.dch  will  result  froa  a  t^ven  doao 
of  radiation. 


consider  tr»o  dlopysitlon  of  the  c;:ceaa  eia'.r^e.  Since  those  cv.eeca  c'inr(joa  ui-o  tujor- 
ity  carvlcra,  they  will  reavv.v?^e  t.  elves  in  tho  order  of  10“^  cceor.da  (l.c.,  lnstau- 
toncoa;ily)  in  cu  i»  a  '.'ey  that  tlicvc  is  i  o  field  in  tho  U\:;o  rollon.  Chun,  uncoi^pencatod 
cJrrv{;ec  can  (.aiat  u:Jy  at  or  na-v  t';e  "etvface,"  that  in,  cn  tho  depletion  la^or  capjci- 
tancea.  e’e  ;t  of  so_a  of  tin  errevau  lades  in  the  base  of  an  n-p-n  transistor  an 

ncutraliniiv:  nc.o  of  t!;c  negatively  chevied  above  which  fo.v.i  the  base  si.lo  of  tho  depletion 
layer  caruei banco,  thus  bvii  In.-j  the  "idatua"  of  the  " capacitor"  closor  tojethor  and  in- 
creaoirf;  ti.c  c.r^citajicc.  'thus,  t’iO  for,:,  rd  v^lttV)o  across  tlio  enitter  Junction  io 
increased  aid  t!va  cuivor.t  tla'oa^t  tl.c  Jr.  ctiuii  ir.ereaeco. 

b'o  will  now  calciOr.tc  t’io  bare  c hare o,  A  i,  roauired  to  ch.er.yo  tho  voltage  uci'oso  tlio 
depiction  layer  end  coir-. re  it  with  that  llablo  uvw  to  tlio  h-reys.  l'n  tho  SII33^>  tlio 
cuittcr  depletion  layer  c:.p.;olt..noo,  C^,  varies  with  voltaic  ac  sham  in  Fie.  2,  in  which 
Q.'(')  volts  are  ailed  for  t!w  built-in  xotontial,  V0.  She  ci litter  Junction  io  assumed  to 
bo  biased  intlally  at  a  typical  value  of  0.13  volts  forward  and  to  obey  tins  equation  for 
an  ideal  diode,  'fhus  we  oivlvo  at  thblo  1  raltvtlvij  I0,  V-j,  and  Adi* 

In  addition,  the  collector- to-baso  volte yj  cliar^oc  by  tlio  cane  amount  as  Vj-j  and  tho 
collector  capacit-nco  uist  also  be  charged,  biico  Ale  a  <^c  x  10’12  AVC,  tlicre 

results  about  a  1C ^  correction  to  Ah]_  at  Ic  «»  l  ta.  this  correction  will  bo  co(jloctod.. 
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TAPjj;  I.  Culculutci  Current  Ccpcndonco  of  Charge  Stored  on  Depletion  Capaoitonco  (22i336) 


I,. 

(~1 

V 

(volts) 

C1 

iyk) 

(coul) 

2  x  10^ 

♦0.13 

mm 

0.31 

J>3 

6  x  10"12 

10*3 

0.375 

51 

10 

IO"2 

0,44  . 

5’> 

15 

10-1 

0.52 

Co 

22 

1 

0.53 

06 

30 

10 

0.67 

50 

51 

Tho  clt'.rgu  uvu liable  d  ie  to  irradiation  nriy^bo  calculated  ua  follwo,  Sinco  tlio  bar 
io~0,32  izi  square,  tho  Junction  area  lo  10*3  cu".  Then  froa  Fie*  1,  booed  upon  a  200  nr 
dooo,  ({,.^,1  «  4  x  10mJ  x  10"3  u  4  x  10"-^-  coulo;.il)  at  t  «  0.2  ;nca  ar.d  approximately 
10  x  10"-^  couloub  at  1  ;iccc.  Thus,  oincc  rhotocurronts  of  tho  order  of  0.15  do  aro  obsor- 
ved  ut  thio  dejo,  there  1j  fair  cgreoiaent  botuccn  tha  chargo  uvalloblo  and  that  required  to 
charge  depletion  layer  ejpacitar.ee  os  liotol  in  Tablo  I. 


It  lo  opiurcnt  tlut  ua  coon  uo  electrons  begin  to  enter*  tho  boco  fron  tlio  emitter, 
they  will  neutralize  sore  of  thu  excess  holco  on  tlio  booo  oido  of  tho  dcplotlon  layer, 

Tiioro  will  in  fact  bo  cat  up  a  gradient  of  cicctrono  in  the  baae  corresponding  to  tho  cur¬ 
rent  flow.  Sinco  there  stunt  be  space -o’ urge  neutrality  in  tho  region  removed  fron  the 
depletion  layer,  tiro  majority  carriers  will  rearrange  the cnc Ives  continuously.  Thio  neons 
tliat  com  of  tho  excess  holco  will  never  go  to  tlio  depletion  layer.  Thus,  at  every  instant, 
tho  totul  number  of  cxcoco  holes  ir.  the  bass  icust  bo  the  sum  of  those  accumulated  on  tho 
dcplotlon  layer, ,  plus  those  paired  with  electrons  in  tranolt  by  diffusion  across  tho 
baoo,  A  ('.q.  Thio  letter  number  my  bo  easily  calculated,  oitlior  by  an  integration  involving 
tlx)  diffusion  capacitance  or  directly  froa  tho  current  la  tho  following  manner.  Wo  havo 


o  D, 


tin 


’n~lT  “ 

If  I  •  0,15  ***>  tlio  electron  concentration  gradior.t  is  than 

JlE-  «  2.3  x  10l6/caf* 
ox 


for  a  2I1336»  Tho  chargo,  in  transit  across  tlio  baco  io 
AQ2-<lAtfnMA^ 

-  (1.6  x  10-19)(10-3)(10"3)(0,5  X  10*3) (2.3  x  lo1^) 


(3) 


«  1.8  x  10"*2  couloch 

Tho  total  calculated  charge,  (Aq^  +AQ2)/  required  to  support  a  current  of  0,15  tsa 
io  then  approximately  25  coulomb,  Tula  compares  fairly  well  with  the  10  ^1  coulomb 
produced  by  radiation, 
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In  t’.«  r.bovn  description  of  tho  rrrcnr.nca  in  t’.vj  boon  rollon,  t!>  vn  van  a  ocwovtot 
Arbitrary  division  of  c::ccco  char;/.  tvtvccn  doidetion  la; /or  end  diffusion  capocitoncoa. 

It  rust  bo  a*  raised  t>ut  the  tot.OL  excess  l  '.ao  cturve  io  uliUncd  cl’nltencoualy  in  turn* 
ir^  tho  f  litter  Junction  on  mil  ncutr.JLlr.liu;  i.!:o  rocultin^  minority  canriora  aa  tlioy  entor 
thy  baco.  TJic  tiren  involved  ere  ell  ex  lively  short;  for  aK.i.r>lc,  holco  novo  acrooa  tlie 
bate  in  pe.-Jte.p3  IO"10  occor.io  end  elect. -.to  cvcso  t!to  emitter  barrier  in  about  t’no  onao 
ti-.u,  vhllo  electron  a  (in  the  2’.:336)  dlffu:  o  ucrona  the  br.ee  in  about  10'°  seconds.  Thco* 
tr-r.>3  my  oo  compared  vith  tho  10*°  ccconls  required  for  tho  cccvrulntien  of  eitccoo  ba*o 
e'er co.  It  io  nr >i rent  that  in  t  ic  ull  proccsocsi  except  baso  charge  accumulation  aro 

effectively  oirult.-uicouj  end  instantaneous. 

Ccrrnviron  of  Transistor  7'nrn 

----  -  _  ■  _  -  . - -  - - - hj  m  ■  ■ 

All  of  the  above  calculations  my  be  repeated  for  other  typco  of  tranniotora  with  only 
nil. or  notification.  Wo  vill  illustrate  l>y  connidorinu  tho  clvsvco  buildup  in  tho  base  a  of 
the  folla.'lnc  too  devices: 


1.  A  p-n-p  c  er.rvniin  alloy  tv;  me  in  tor  lir.viij^-,  (bane)  «*  20  pea,  Tn  (coll) « 0.1  /woo 
(«utlmt/j),  1).,  *»  10,  ml  v  *»  3*5  :<  10"^  cn  (%4 1  Thu  voire  for  D,;  io  bauod  on  the 

tnmr.nticr.i  th-t  the  rvr.dllty  jiahCO  ccf'/volt-soa  at  acceptor  concentrations  of  10 -  lO^cn-^ 
iu  t.i;:  oulttcr  <:vl  collector,  Wien  D.7;vi  -  l.T/q  -  l/hO.  .Data  on  ;v  veto' are  from  D.Convell*2. 
Toon  L,  »  (h^  x  .  0  :t  JQ-O)1/*-  «  0.03  cu,  Ln  «  (10  x  lO“'0A'fc  “  10“-*  cu.  Tho  buoo  width,  v, 
lc  epnrozinetily  0.1  uni  3*5 

A  p-n-p  cerruniiu  alloy  po./cr  tran.ilctor  vith  oirllur  Lp  and  LQ  to  those  in  (l)  ubovo 
but  vith  a  rjieh  Renter  b-se  viuth,  v. 

In  dovico  (1)  the  baso  la  tVcrco  or  fosr  tines  as  vido  ao  in  tlio  collector  oo  that 
tho  contribution  to  total  charge  fro  i  holco  lcavirc  tho  base  ohould  bo  dominant  ovor  that 
die  to  clactro.no  orrivirc  fren  tho  coU.ec  tor  by  nbo.it  tha  cane  factor.  Wio  baso  trunoit 
tine  io  tj  ~  \.<-/2  D%  *  1.3  x  10”V  cue.  Thus,  ull  cliarp  should  be  aecuuulatad  vlthin 
0.1  or  0.2  poc  of  turn-off  of  the  X-rayo  and  tlie  curiMnt  peal;  should  bo  ottainod  in  tlw 
oaxn  tiino. 

T’no  ccza  ur^urcnta  apply  to  the  rover  transistor  c;ioopt  tint  t’.io  base  trunolt  tins  io 
lorc.er  uul  hcnco  the  tlai-to-pcah  of  t!xs  base  cliar^e  and  of  tho  current  pulco  io  ler^r 
aloo.  Table  II  cui.mrizca  tho  ci^ni ideas t  infoimation  cstiimtcd  for  all  tyiieo  of  alloy 
translators,  dote  tint  tho  l>aco  contribution  to  total  base  cturco  io  dominant  oxccpt  in 
the  lout  tvo  casco,  vhoro  tho  baso  thiclaioaa,  u,  in  of  tho  coin  order  ao  Ln. 


T.aiLE  II.  Kotiiutcd  Tir.e-to-Pcak  for  Vuriouo  Alloy  Tranuiatoro 


td 

E  t.  (beso) 

Eat.  TiJ.io-to-Pcali 

5  lie 

30  pec 

300  pec 

30  -  60  poc 

10 

lu 

300 

15  -  to 

70 

2.3 

T5 

2-6 

100 

1.6 

50 

1.5  -  t 

5C0 

0.3 

30 

0.5  -  1.0 

1  CO 

0.16 

20 

0.35  -  0.6 

5 

0.032 

5 

0.3 

10 

0.016 

5 

0.3 
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Tha  calculation  o:  tlis  chr-cs,  A  x  end  A}.,,  on  the  depletion -layer  end  diffusion 
capucltar.eoa  respectively  end  of  the  ch-:vc,  i^,i,  produced  by  rc.ll at! cm  proceeds  In  tho 
cam  way  as  for  tin  2,.'330.  Tho  results  far  four  transistors  on  which  estenaivo  experi- 
ncntul  data  arc  cvuilaulo  ero  cltovnt  lu  Table  III.  The  current  AIrtkX  io  tiut  which  lo 
typically  observed  for  u  douc  of  2CO  rar.  'fin  cjrcciwit  ho  tween  the  Chirac  ucousnd  to  Uuyo 
been  produced  by  radiation  m»l  tint  required  to  produeo  tho  observe!  currents  lo  cxcollont 
cor.ciicrinc  tin  rarv„co  cu.d  possiblo  errors  involved.  The  fact  tint  tho  ratio 
( AQx  ♦  Af  )/vi*ad  always  creator  tlun  unity  :v.y  indicate  tint  tho  cotiuitco  of  mdia- 
tion  intensity  arc  low,  but  ouch  a  result  any  bo  fortuitouo  cilice  t!>o  Junction  ureas, 
capacitances,  etc.  arc  rot  very  veil  known. 


desirable 
und  by  Ea 


Cco/1-5^ 


io  tho  d.c.  corJuct-neo  of  tho  emitter  Junction.  Equation  (5)  lo  valid  for  frequencies 
bclov  2  ft  ) .  Above  f*,  ,  Co  decreases  with  increasing  frequency.  Table  IV  civoo 

Cg  for  four  of  the  devices  u&lcr  invoati^nticn  evor  o  vido  runco  of  operating  conditions* 

13373112®  J  "TULT3 

It  io  now  possible  to  apply  tho  basic  ideas  outlined  obovo  in  or, lor  to  predict  certain 
proportico  of  a  transistor  under  irradiation,  let  ua  first  considor  the  curront  uixl  voltage 
buildup,  then  tho  effects  of  rocccbir.-tlon  on  tho  pulse  decoy,  tho  dcpcndcr.co  of  current  on 
radiation  rate  and  bias,  tho  device  beliavior  vhen  tho  baco  lo  not  open  circuited,  nuturution 
effects  ond  the  effect  of  a  trunovcrcc  baso  rcsictanso. 


TABLE  III.  Calculated  Chargee  in  Various  Translators  Resulting  froa  a  200  nr  X-ray  Puloo* 


T.’JUw  IV.  Calculated  Current  Dcpcndcnco  of  Diffusion  Cnpacitancco  for  Four  Trumiotor  Typo». 


I  (»*) 

Cc0  (^<>3 ) 

c2  (ji>xf) 

2:;336 

21**353 

□11099 

V.  Ei  Alloy 

2  x  10mG 

0  ::  IO"? 

5  X  lo"4 

io-1* 

4  r.  10"? 

0.025 

ic'3 

4  x  .IO”,'' 

0.25 

4 

10* 

4  30 Jl 

2.5 

0.0 

40 

10"* 

O.C'h’i 

25 

0 

400 

1 

0.1-4 

250 

Co 

0.06  Jlf 

4,000 

10 

0.4 

2500 

000 

0.57  >lf 

40,000 

25 

1.0 

2000 

1.4  ;if 

50 

2.0 

4000 

2.0  pf 

100 

4.0 

5.7  ^ 

Current  1  r  l  Volt 

•o  Buildup 

Fl;;uro  3  o'io-u  typical  cin&tunoouo  current  unJl  valte^o  pulnca  obtained  fran  u  21:336 
n-p-n  cllicon  (,roun-J  unction  tramlotor.  Tlio  trarr.iutar  uoa  operated  with  an  external 
base- to-cidt  lor  rrsiatmeu,  2  of  100  K  uiid  the  current  was  uonitcrcd  with  a  low  inpedanco 
esirrent  proi.e  which  was  pl'ccu  in  tho  collcotor-cnittcr  blua  circuit.  Tho  volta^o, 
vua  n  enured  undue  u  I1IJ1  irvjdar.ee  pro*.*c  between  been  and  cnittcr  contacts.  The  acooci- 
eti.d  flash  k-ruy  pulso  1,^0  also  rwnltored  aid  allowed  tint  tlw  X-rnyj  aturt  at  the  cuiae 
tlic  tint  tlu  trauslsb ;r  pulaoa  dart  to  rise  end  that  tho  X-ray  voice  duration  vua  upproxi- 
r.nccly  0.0  ;u'.ec.  I’rou  the  Fi.quro  vo  r.eo  that  tho  current  und  voltage  loth  continue  to  rioo 
for  nearly  1  jisou  au  eupcoted  1‘rou  tlu  calculated  char0o  buildup  in  a  (jrown -Junction  dcvico. 

l*o  nlco  observe  in  Fi;j.  3  that  tits  volume  penko  at  a  Inter  tine  tlian  doeo  tho  current, 
fin  ebeorved  delays  v..ry  i'roti  0.0  to  1.0  juice  boii^j  larger  for  c.  .idler  initial  biao  lovolo. 
fliic  «l»;lay  ia  believed  to  lo  duo  to  tho  preconco  of  a  fairly  hiyh  traiioverco  baso  reoibtanco 
In  the  .1.336.  ('fiiio  rucictance  ia  evidenced  by  co..vj  additional  rcaourcnento  doccribcd  below 
.'h  re  lui  tryurcnl  revovco  biao  iu  absolved  on  tin  c:  litter  Junction  even  though  forward 
lurreut  in  flawing.)  11. a  tranovorsc  baco  reoiatnnee  will  cause  tho  obeervod  delay  in  tho 
.ouh  of  tho  :;v:u cured  voltaic  pulse,  AV-,.-,  if  mi  external  basc-to-cmittcr  capacity,  Cjyj,  io 
ire  cent  cilice  the  njusured  vole  i,c  will  then  la«  tho  internal  baao-to-cnittcr  voltccQ» 

which  dcter.iliiOa  tlio  oboe.'vod  colloctor  current. 

Other  trauolJtor  types  (p-n-p  cenxsniuia  alloy  dcvlcoo)  uliov  ciuilur  buildups  of 
current  pulses,  It’ ho  pooh  buildup  tinea  for  all  translator  typoo  Measured  thus  far  vary 
Iron  0.6  /’.sue  up  to  about  Y.O  )u;ua  no  chowvi  in  Table  V.  A  cc/.parlcon  of  tlioso  tinco  with 
.ho  value  a  calculat'd  in  Title  II  0:1  tliu  bacla  of  the  quoted  f*,  chova  orJcr-of-rjaynitudo 
uyUX’ei.vjnt  but  probably  tho  diseropunclco  can  bo  attributed  to  tho  lack  of  enact  biawlcd^o 
of  tho  pcrtinur.t  carrier  llfctij.uc  and  dincnnicuu  of  each  individual  translator  typo, 

Fl’fcct  of  necoeibinatl'^n 


It  io  clour  tlut,  in  tho  bur.e,  the  excess  cliarcea.  vill  ruconbine  with  char^co  of  tho 
<  ppooita  cicii  which  aro  in  transit  frou  cuittcr-to-eollcctor.  In  tho  threo  eermniur.  alloy 
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TAalE  V.  Cosiuricon  of  Trunaicnt  Current  Pulcoo  Obtained  froa  Various  Translators 


Quoted 

Transistor  f- 

Typo  (rej 

Peak  b.n 
cco 

at  COO  nr 

(m) 

Tina 
to  I’ouk 

M 

Decay 

Tina 

M 

Iloaourcd  Euoo 
Minority  Currier 
Lifotiuo1> 

G“) 

PI.?  Alloyed  Cenmniun  at  6.4  Vj 

r.h’10'99 

0.07 

'300 

7.0 

63 

72 

*J%i  J.  j  h 

0.07 

300 

0.7 

1*7 

51 

zry'jo 

1 

J»o 

1.7 

11.2 

9.65 

xij'/j 

0 

35 

0.7 

1.4 

1.59 

— 

20 

1.0 

7.0 

5.99 

1:1.269 

12 

15 

0.6 

0.7 

1.13 

hi.  3  VO 

30 

13 

0.6 

1.5 

1.33 

100 

6.5 

0.0 

0.5 

O.56 

I  .'lit  Cr.-r.rn 

Eiliocn  o.t  6  V: 

:d!33C  (1 

X)  15 

0.15 

0.6 

1-2 

2-3 

a*J3 0  (< 

«:)  15 

2 

2 

4 

1*5 

translators  alreudy  discussed  (.'41393;  2II1099;  W#  li.  Alloy)  ulnoot  all  tho  cxccsu  mjoi’ity  • 
cnrrlcro  it*  tl»e  Loco  uro  required  to  neutralise  tho  Minority  ccrriora  in  tranolt.  Tliat  la, 
for  p-;i-p  trwnaistors: 

flcxccsa  *  ?n  (/dloy  Dcvicco)  (7) 

Thus  tho  life  tine  of  tho  excess  diaries  la  Just  tho  Minority  currier  lifetime, /fc),  In  tho 
Ixioo.  Since  tlio  current  la  at  any  Instant  proport ionul  to  the  nuubor  of  Minority  carrlcro 
in  tlio  bo 00,  It  follovo  that  the  current  will  decay  exponentially  with  a  tiiao  constant 
c^ual  to'C'p. 

Tho  loot  two  columns  of  Table  V  show  tho  coi.rpuricon  between  the  observed  decay  con- 
ct-nto  of  the  current  pulses  for  different  translator  types  ur.d  tlio  Minority  carrier  llfo- 
tiuos  for  tho  base  ro".ion3  an  measured  by  tho  i.v  tnod  of  Eoaufoy  end  Sperhea^,  Por  the 
alloy  dcvlccu  excellent  a^rociMnt  la  obtained  tints  supporting  tlio  expectation  tliat  tho 
current  decay  la  controlled  by  the  base  rdnorlty  ccrricr  lifotluo  viicncvor  tho  diffusion 
capacitance  la  lar^o  covparcd  to  tho  emitter  depletion  capacitanco. 

Tiie  frequency  dcpendcnco  of  the  cnittcr  diffusion  capacitanco  my  produco  on  oboorv- 
able  r  .suit,  in  a  transistor  with  a  very  low  alpha  cut-off  frequency  ouch  cs  tlio  2171099, 

In  t''..  i‘,  dr  vice  tho  initial  rush  of  Minority  curriers  frea  tho  base  to  tho  co  lice  to:.*  by 
<11  ion  will  result  in  an  equally  sudden  Influx  of  lx  ce  id  noil  ty  carrlcro  froa  tlio  oiaittor, 
j....ir  gradual  notion  across  tho  base  will  correspond  to  tho  crudual  increase  in  Cm.  Wo  nay 
accordingly  expect  to  cco  a  base -to-euit ter  volta^o  that  decreases  suddenly  for  a" tiro  of 
tho  order  of  l/f^und  then  continues  to  decay  tioro  slowly  tlicreaftcr  as  a  result  of  tho 


) 


uau  il  recouMnatlon  rroecacoo  .  Prolinlrviry  nccsurcixnto  of  tho  pholcvolta^o,  AVp-.,  lo  tb® 
j.lo 'jj  hr.vj  cl i cr./ n  a  rather  chary  drop  during  tlio  first  few  nlcrooccondo  followed  by  a  uor® 
nor. . JL  decay*  "ilo  behavior  la  at  lou/it  <pul  lUtlvoly  In  agreement  with  tho  cxpcctod 
f ro<iucn yj  dcicndciwo  ol*  tlw  dlf fallen  cop-uiteiwco  In  tliio  devlco. 

For  tlw  11)336,  however,  a  ouhstuitlal  fraction  oC  t'io  cxccao  majority  corricro  (holoa) 
uru  In  t’.u  depletion  layer.  Gliwo  they  uro  i^.  a  trailed  by  ionised  acceptor  utono  ratlicr 
than  by  free  olculruva,  th-y  do  not  affect  tho  reco:A>lintlon  rate.  Thus,  vo  oxpcct  (l)  the 
current  to  ileccy  i.ora  slowly  tin -11  tho  Llnorlty  carrier  llfotkc,  Vn,  vould  indicate,  and 
(.'!)  tlio  decay  t in:  cliould  be  larger  at  Iowa*  currents,  because  a  luveer  rropoxtlon  of  tho 
cr:ccos  curricro  uro  than  located  on  t!ie  depletion  layer.  Cuch  behavior  la  in  foot  obcoivcd 
(Vublo  V)  for  one  Irani  of  LJ<33j  (nciwr.il  Electric)  but  tlw  rcculto  ore  <:ucotlonoblo  for 
tlio  other  ('fexuo  lustra ents)  larf^cly  duo  to  uncertainty  in  tlio  lifoti:.n  /xacum.»nt.  lie-  * 
producluillty  In  tlw  noun  urc;  icnto  could  not  bo  achieved  for  tliio  particular  txunuiator*  » 

;  Tlw  expected  uopen  lor.co  of  decay  tl:w  on  initial  current  lcvol,  I°c,  lwo  been  obaorvod  a® 
clio-rn  in  Fie.  J*  for  u  typical  unit. 

Also  showi  in  tlicco  fl(.;ur«:o  aro  tlio  corrcrpondlnG  banc-to-cnltter  volttypo  which,  In 
each  e.isc,  decay  novo  ola/ly  than  do  tlw  camx  pondlio  currents.  Tliio  recnlt  io  expected 
for  tho  1-13.16  \.!i<  re  Cj_>  C .,  since  tlw  current  tan  tlrn  bcoone  cn  exponential  function  of 
the  volt j^c .  It  io  furtlwr  interesting  to  coto  that  tho  lcn/er  currcnto  c*vo  hitfwr  photo- 
voltages,  This  la  c meed  by  tlio  lover  diffusion  eapucitwnco  (proportional  to  current) 
per.ilttln;:  n  larger  fraction  of  tho  total  ch-rco  (constant  in  each  caoo)  to  appear  on  tho 
newly  co.iut'.nt  depletion  cupuoitanco. 

In  FI".  5  t!w  dccaylnj  current  -a  a  function  of  tlw  photovoltosa  lo  plotted  for  thie 
oair.o  translator  so  full  as  for  tlw  "cstam  hlcctrio  alloy  unit.  It  can  be  neon  that  tho 
voltage  decays  ct  tlw  rate  of  •/)  to  70  millivolts  per  doende  of  current,  uliich  io  vary 
nearly  tho  cxi-octod  valtin  of  cO  otv/dcoudc  for  a  forvwrd  biaccd  p-n  Junction  at  300°  K  uo 
calculated  from  the  rolutioni 

f 

I  - 10  «:'(-£-)  .  (8) 

Effects  of  H  -illation  ]Vro 


/mother  result  of  tho  fact  tint  in  tho  alloy  trmr.lotorc  i.vost  of  tho  exec o a  charges 
aro  required  to  nciutraliso  rdnorlty  carriers  in  truia.it  la  that  tlw  pcuh  ourrout  follovins 
irradiation  rh.vnld  be  proportional  to  the  total  dose  (for  dosco  delivered  in  tinea  short 
c cellared  to  tho  lifetime).  Tills  follous  from  tlio  linear  dcpcndonco  of  excess  clurjo  on 
total  dose,  ml  from  tlw  fact  that  current  io  proportional  to  tho  total  number  of  minority 
carriers  in  the  base. 


If,  however,  a  transistor  vero  operated  in  cuch  a  ucy  tint  moot  of  tho  cxccoo  charco 
vaa  on  tho  depletion  layer  instead  of  neutralising  rdnorlty  ccrrlcra,  tlio  above  conclusion 
vould  not  be  valid.  Ginco  tlw  clian^o  in  voltage,  AVjvj,  acroso  tho  eudttor  Junction  io 
Given  by  , 

1 

^1  -clAvbo  +vbo^cl  (9)' 


vhcrc  tlw  latter  tens  lo  noGlicible  if  lo  nearly  constant,  and  olnco  tho  current  followo 
the  diodo  cciuatlon, 


i  I 


(10) 


v*\.'  oi,;!. 
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it  follows  t!ut  In  thin  cr.trc^v:  case  (where  Cj  »  C;>)  vo  would  expect  tho  pooh  current  to 
be  an  exponential  function  of  total  dose  for  fixed  initial  biuo  current. 

Tiilo  corcliu  lcn  rlj»t  be  ollchtly  nodified  by  tho  feet  that  tho  depletion  layer  capac¬ 
itance  io  u  function  of  voltup,o.  Since  tho  2!.33a  lice  l* j tween  tho  alloyo  end  tlio  abovo 
extrona,  oro  uipht  expect  int  ricdlnto  behavior.  Tublo  YI  Indicates  tho  relative  eifpiifi- 
cancc  of  A-.ii  ur  iA  ‘  ut  different  current  levels  in  the  2!<336.  Abovo  10  ca  tho  orrao  biao 
and  radiation  J<  icr  icnccn  hold  ua  in  tliu  alloy  coco,  who  re  a  o  below  1.0  ru  we  approach  tho 
catxxna  cucc  dcccribcd  above. 

Flruro  6  shows  tho  dcpendenco  or  tho  peak  photocurrent  on  tho  rccoivcd  dooo  for  three 
typco  of  trunolutorc.  'fho  2i:iC99  and  tho  211393  tiro  both  p-n-p  turtanlua  alloy  tronoiatoro 
nnl  exhibit  u  linear  dooo  dopcudrnco  because  of  tho  prcdoitlnanco  of  tho  diffusion  cupscl- 
tanco  in  thcco  dcvlcoa. 

For  tho  fll33<5,  hovover,  tho  diffusion  capacitance  rhould  not  predoulnato  bolou  10  &a 
00  that  ut  tho  lewor  initial  current  lcvelo  the  rhotocurrcnt  chauld  rice  exponentially 
with  increasing  doco.  Figure  6  shows  thio  to  lo  approxli.utoly  tho  cuno  with  tlio  current 
increasing  ten-fold  for  a  dooo  increase  of  only  n  factor  of  tvo.  Actually,  an  exponential 
incrcaco  would  not  bo  a  otral^ht  lino  ao  rhovn  in  Fi-.  6  but  rather  would  incrcaco  a  llttlo 
t.oro  steeply  ao  the  doco  lcvolc  incrcaco,  Vlut  ouch  u  oteep  riao  io  cot  observed  could 
partly  bo  due  to  ccuttcr  in  tho  data  and  partly  duo  to  tho  onset  of  a  noro  linear  dooo 
dcpondcnco  at  the  higher  current  lovclo. 

r.ffoct  of  Irltl.il  lM,.in  J.oycl 

In  translators  for  which  C<i»C1  tho  ex.v  ar^uironto  can  bo  urod  to  chow  that  if  de¬ 
vices  arc  biased  at  tro  different  currents,  I  and  I, ,  the  c;iro  radiation  dooo  wlli  cauco 
equal  incruamts  in  current.  V.ixt  in,AI.4  On  tho  other  hand,  If  tho  depletion  layer 

capacitance,  C^,  io  dc  in^nt,  the  change  in  current,  AI,  will  bo  a  linear  function  of 
initial  biua  current  for  fined  total  .loao.  That  icAIa  -  (i^/l^Al-^, 

nxpcriKont.lly,  the  so  conclusions  uro  vorified.  In  FI".  6  tho  photoaurrantn  are  occn 
to  bo  independent  of  initial  biuo  for  tho  2I,’3S)3*  l!ou?vcr,  the  photocurrent  in  tho  2)336, 
in  contract  to  tho  behavior  of  tho  u.lloy  device,  io  not  lr.deporJc-at  of  tho  initial  blao 
level  00  cliown  in  Fie,.  7i  instead,  it  ii  era  uv;  u lowly  00  the  initial  collector  current  io 
increased.  fJhls  tlep.ndcncc,  wnich  lo  intortsodintu  between  n  linear  variation  (C^  dc:\lnunt) 
and  a  oonstar.t  value  (Op  deninont) ,  io  cr.cc ted  since  tho  observed  photocurrent:;  of  fro.a 
1  to  30  ua  cause  tlu  effective  values  of  Ci  and  C,i  to  be  of  the  caj.vo  order  of  »v.y)ltudo. 

At  Icvor  radiation  doses  tho  dependence  on  initial  bi:m  level  would  bo  rove  pronounced. 


TABLE  VI.  Calculutod  Current  Dependence  of  Hclutivo  Charge  Storage  on 
Depletion  and  Diffusion  Curjacituncco  in  u  2.';3j6. 


I0  M 


A4p  (coul) 


AQp  (coul) 


15  x  10'12 


0.12  x  IQ"1*- 
1.2 
12 
120 
1200 
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Tho  role  of  tho  difruaion  ccpicitunco,  C2,  1"  outrollins  tho  current  decay  In  certain 
circuit  upplicutiono  where  tho  baoo  io  rot  open,  ««..»  now  l>o  explained*  Onco  a  current  has  • 
boon  act  ip  in  a  tr.maictor,  a  cheapo  in  it  corresponds  to  a  chunco  in  tho  nuwbor  of  minor* 
ity  curriuni  in  tho  bnoo.  Ilonco,  tho  dlffucion  cupaoitnnco  nuat  bo  chorcod  or  diochnrcod 
by  current  flow  into  or  out  of  tho  bano.  If  on  external  resistance,  io  connoctod 
between  bnoo  und  emitter,  wo  nay  expect  a  current  doeoy  with  a  tino  conutunt  t ■  (njjg+rjjJCg 
vlkoro  r()  it  t!vj  internal  baso  r.ulatyncc. 

Consider  tho  Z'MOy)  for  which  C;,c*l  jtf  at  £0  m.  Thuo  vc  havo  deeny  tines  of  1  nilli- 
(jcconi  for  lb,-  -  1000  otcu  and  10  juice  for  !:•»•»  •  10  ohca.  In  tha  flrot  lnoUnco,  tho  doeoy 
tin?  would  cert -inly  lx?  dotendned  by  roc«*f/i nation  oince  the  baoo  lifotiun  equals  60  jiooo, 
vliilo  in  tlv?  cocond  c mo  it  would  bo  determined  by  tho  external  circuit*  Thu  intornal 
renin tunes,  r-0,  a  cootie  ted  with  tho  bo  no  region  in  a  ClilOpp  is  roportca  to  bo  of  tho  onlor 
of  10  chins. 

For  tho  2K10pp  it  lias  been  found  tint  vavyinc  tho  external  basa-to-cnittcr  roaiotanca, 
Prpt,  hui  no  significant  cffoct  on  tho  real:  vi-lvo  or  tlio  photocurvcnt  uo  chovrt  in  tho  upper 
curvo  of  Fie*  6  uhero  tho  experimental  points  represent  (in  random  order)  K;;v  vuluoo 
jur^liv,  0  to«®ohms.  Tliin  result  io  expected  Lccauno  of  the  short  buildup  tiro  in  thla 
deviuo  cunpurod  to  ita  lone  decay  tire  whether  it  l«  duo  to  recombination  (Cj,  -  60  pace) 
or  to  external  dioc'iarr.a  of  the  diffusion  cupueitanco  viiich  io  lur^tj.  However,  when  tho  " 
f'.p..  drops  1  uj  enough  for  [(n«;j  +  rb)  C2)  to  bo  or  the  oixlcr  of  100  jujcc  or  lcoo  than  tho 
pulse  do  :ay  tin?  will  decrease.  Actual  ncusumwnto  of  u  corloo  of  current  trocea  illus¬ 
trate  tuio  latter  behavior.  Tha  decay  tlKco,  scnlal  from  thcoo  tracco  for  varioud  vuluoa 
of  Hjjp,  are  shown  in  Table  VII  und  nay  be  usod  to  calculato  tho  valuco  of  tlw  intornal 
Nice  rcolotijico,  r  ,  und  tho  diffusion  copacltaDco,  C«>,  from  tho  relation  for  tho  decay 
tluu, 

‘  W*  (u5 

where  tho  bane  life  tiro,  V.  ,  io  approximately  60  paco.  Tho  valuco  obtained  from  ouch  a 
proceoo  uro  r^CflO  oluaa  uni  C^aO.6  /if.  Those  results  (obtained  from  current  pulsca 
docayiny  from  300  m  to  2  via)  ure  in  excellent  Ljjrccuont  with  tlw  vuluco  predicted  abova 
und  in  Table  IV. 


T.U3LC  VII.  Current  Decay  Tine  aa  a  Function  of  External  Daoe»to-2iaittor 

Heoiatanco  for  tlw  21110pp. 


It;..,  (o'.SSo) 

D..0AY  it::,  fd  (pa) 

1  M 

66 

100  K 

67 

10  K 

63 

•  1  K 

67 

100 

42 

33 

17 

10 
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In  t'w  :  :;35o  tin  diffusion  cuiv.ciUiico  la  ulwut  %00  )*>vf  ut  I  •  *'-'0  «i.  Thlo  lends  to 
tl-n  coj;atvjit3  o;*  5  jtscu  w>l  0.05  ;uuc  for  U~;  valvro  of  10C0  and  W  a*u.n  rcnptotlvoly. 

/,3  «  connect*  *tica,  tho  i'buux'juvviit  pulno  f oc  the  *.d33J  voul/1  bo  ilu  to  mined  by  tlvj 

o:ctj.i.al  circuit  for  all  IN .  Icon  Hum  oto-it  i.tO  olau.  UnfortunateJy,  ro  uccurato  data 
luvo  yet  been  obtained  for  thin  tre relator  for  lo v  vulueu  of  IU*  (around  COO  Cho  or  co) 
ut  constant  bl-u  levels  below  wtur-tion,  but  wcr.ortcd  pieces  of  informtlen  indiouto  that 

haj  no  effect:)  ut  valuer)  dem  to  uu  la/  to  c.tO  olun.  T)w  next  Motion  will  precont 
oux  data  tlio-luc;  tlio  cffccto  of  o))  u  otturaied  LiJ33^* 

C it’fitlon  Effoctn 

In  nil  the  precedin'*  ur.fLyoco,  no  restriction  hao  boot)  placed  on  tho  x*cdl3tion  lntcn- 
olty  nor  on  tlio  mptiUsdc  of  tlw  photocurrcnt.  In  rout  alley  Cavlcco  tfi  xo  t’.w  collector 
rculntivlty  la  low,  Lto  only  liiiltutla)  on  current  vlll  Vo  Vw  capability  of  t)x>  trausio- 
tor  to  tlUuAjv.b)  t-.o  xvcultint;  th*:iv.ul  cnorfy.  However,  In  n  cren/h-Junsticn  device  ouch 
ua  tlio  C:S3j6  or  in  uost  differed  fctructnreu,  thoro  io  a  voltJ'jo  drop  in  t!>o  collector  body 
due  to  Uki  cl<  nific.int  rcsictivKy  of  tliat  lvition  of  tho  traroictor.  If  thlo  volt^o  drop 
urpialo  tlio  applied  collcctor-to-basa  volto;;u,  tho  translator  currant  will  bo  paturuted  trul 
vlll  ru:*.)lu  to  until  n:co  aiivition  in  the  b~sc  reduces  It.  At  the  cc,;y>  tlr/j,  c;;o  wist 
c;:;<ict  very  ctroi.;  conluotlvity  undulation  In  the  collector  bccai^o  of  tUo  Jarcu  neuter  of 
boio-u lee  Iran  A~.lvu  produced  thrro  by  tlio  X-ivya.  Jlonco,  tlu  ivsi«tni>uo  of  tho  eolector 
ro[lon  will  increase  ua  tlveso  carriers  rocoiubli.e  and  the  cuIuimUqu  current  vlll  p'udually 
decrease  with  tl:u. 

In  (.eixrrl,  tide  tyro  of  bclir.vior  vuo  observed  in  tho  ld!3*<$  when  irrtdlutcd  vlth  catu- 
ratliv:  doses  above  3  roent^cno.  Figure  0  ohova  oor/)  of  t!joog  current  indue  clcccy  curves 
obtained  vlth  various  v.dur.j  of  l?  ..  Tlu  early  p-rt  of  t'w  decay  ooccxo  while  tlio  dcvico 
lo  saturated,  vlth  the  current  doercunin;;  ua  tho  ccuTlcra  rcocr.±iie  in  tl;c  collector  body, 
tho  lt.cre..Glirj  itu  resistance  und  furtlnT  11: 1  blue  tlio  flow  of  current.  Ilvcntually,  at 
the  "lx.ee," "ouLurotiou"  ends  end  too  normal  decay  follouc. 

It  io  intervotin:*  to  note  that  frou  a  cin^lo  ouch  as  Fir-^  Q  t  it  io  roooiblo 

to  eatlunta  hot;)  t  ie  ivjslotsnco  of  tho  collector  r.’^lcn  and  t)-o  ulnurlty  caivlcr  llfotlao. 
Tlw  Intrinsic  collector  reclstrx.cc,  r  ,  u'j  l«  found  by  dlvllln^  tlio  a;yliod  volta-o 
(o  volts)  by  tho  current  ut  tin  transition  point  (Ji0  ia) .  Tor  tills  puytlcultu*  vuilt  tlie  cal¬ 
culation  elves  r„ oh.2).  Tliio  result  ca-yarvo  favorably  with  tho  value  of  100  olvv) 
cctlaatcd  1’rors  t  ie  unsusxid  collector  reciativlty  of  1  oha-cn  ujl  tho  dlrxnolona  of  10"3  ci? 
by  1  lu.  Tlu  collector  llfotluc,  T.,,  my  be  catlr.itcd  ninco  it  contr  lo  tho  caturation 
cuxvvnt.  At  V.,x:  «  00  tlw  current  vould  be  pi-oyortlonal  to  r.Q  +Ano frea  which  it 
uppeora  that  tuu  collector  lifetim  lo  froa  3  to  C  )wec. 

Wic  reduction  of  is  cecn  to  rosult  in  a  corcvliat  chortor  effective  decay  tlc»  of 
the  c::ccoo  c^ricro  in  tho  collector  und  to  cuuco  tlw  "luico"  to  coour  earlier  end  at  loviur 
currontc, 

F.ffcct  of  Trersverso  Rnro  Resist  .:rco 

l.lwn  the  base  of  u  translator  io  connected  to  tho  circuit  through  u  low  iii.pcdanco,  tlio 
injority  carrier  current  flowir"  out  of  tho  bauo  can  cause  c.n  Internal  voltu^o  droi)  c.croso 
tho  transverse  base  rcnlc  banco  of  tlio  do  vice.  Tlxlc  action  lo  oiuilar  to  that  encountered. 

In  a  r.olld  utarte  totrcle.  cuch  u  flow  of  ivijority  con’icrs  always  develop:)  a 

transverse  voltage  vlthln  tlie  base  region  of  i.ny  tnneiator,  tho  m-piltudo  of  this*volteco 
lo  accentuated  in  ^•o./n-Juiictlou  truiiolstoiv  bocauoo  of  tliolr  lil^i  baoo  resistance.  For 
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Cilo  reason  sono  effects  of  tlio  txmiovcrso  baso  rosiotanca  will  cow  bo  connldercd  for  tho 
£1.32**  device. 

ltemvlta  of  t’.ic  effect  described  cby/o  vcw  flixt  noticed  c-*^critrutolly  vlicn  tho 
common  collector  configuration  of  u  U.'336  u.yllficr  circuit  was  lrrullutod  in  tho  cnvix’on- 
i>  lit  of  tho  KiC.ia  teat  rccator  «t  Liver  civ,  California.  During  tho  CC-mlcrosocord  puloo 
fx-ou  tho  reactor  it  van  noted  Uv.t  both  f-n  Junctions  bccuuj  tcs^orurlly  rover  so -Ulusoil 
even  though  a  collector  current  of  0  ;.m  v.13  present.  Flcuro  9  chows  tho  do  tulle  of  tho 
observed  current  eiul  volVi^oo  at  tlw  pcah  of  tlw  pulcc.  It  will  bo  noted  tint  durinc 
"forward"  transistor  curxvnt  flow  tlicro  vus  an  app.u'cnt  xwox'cc  bias  of  about  3  volto  on 
tlw  emitter-base  Junction  and  a  normal  reverse  bias  of  about  19  volta  on  tho  collcc tor-boo* 
Junction. 

To  confirm  tho  possibility  that  u  translator  could  puss  a  current  in  tlio  forward  dlrec* 
tion  throng  »x  reverse-biased  euitter  Junction,  tho  following  e:cporicent  vuo  performed  with 
tlio  flu  all  r.-ivy  source.  The  circuit  used  employed  two  external  bxttci’ico  to  develop  a 
reverse  bins  on  each  p-n  Junction,  with  tlio  buttery  voltages  (3  volte  and  63  volts)  bolna 
oli;>itly  leas  t!»v.  t’isso  which  would  result  In  lurco  currents  In  tho  oidcnul  circuit 
(l.c.,  brcai.:n.*.i).  Th  uo  l'.rjc  volt-unea  widen  tin  depletion  regions  and  thereby  rcduco  tho 
widtli  of  tho  noiv'/rrlotcd  bane  rcjlon  to  u  uinlmiu,  thus  impeding  tlio  truusvurco  flow  of 
br.se  current  uich  us  possible  and  ca’u.r.clr^  tlic  u'o^ltiUo  of  any  transverse  base  voltaco 
tliat  nljit  develop.  Upon  su>'Jcctliv~  tlio  tr  nsistor  to  approximately  01-c  roentgen  of  X-ruyo, 
an  critter  current  pilno  of  0.5  m  vuo  observed  which  flowed,  in  tlio  sane  dlx*cctlon  no  tho 
d.c.  current  associated  vltli  a  fcxvurd-blsscd  Junction.  Clueo  the  external  battcrico  nain- 
tuln  an  appnvnt  count  Lon  of  reverse  bias  at  the  tcxvduals  of  tlio  device,  it  seems  reason- 
ablo  that  u  transverse  voltage  uast  bo  developin'*  In  the  base  as  shown  in  Fie*  9  which 
pcrsltu  a  forward  bias  to  c.dat  at  tlio  region  of  tlio  cilttcr-buco  Junction  vlilah  io  furtlioot 
fro.  1  tlio  base  lead.  However,  an  ore  msec  toward  t!;o  base  contact  ale:;"  tho  cnittcr-baoo 
Junction,  tlio  sice  of  tlic  depletion  repion  ir.creaaco  to  the  extent  that  u  condition  of 
rovorcu  Lius  exists  in  that  portion  nearest  to  trio  base  contact.  Tho  collcctor-baso  June* 
tion  is  everywhere  reverse  biased .  The  dual  depletion  re^iens  cauco  a  pinching  effect  In 
tho  buso  which  sustains  u  rather  lar^e  transverse  potential  during  tho  burst  of  radiation. 
The  transverse  voltaju  in  the  b-so  io  a  truisicnt  effect,  decaying  towurd  soro  cux  tho  excess 
charga  concentration  dceiviasco. 

The  Kxuyiitulc  of  tlio  expected  transverse  volte;  ;o  drop  can  be  estimated  by  considering 
a  siMllar  n-p-n  structure,  the  $\jh  tetrode  transistor.  In  this  device,  which  io  similar 
to  tho  f:i.336  in  electrical  cfciimxctorlstlca  such  us  cutoff  frequency,  ate.,  tlio  roslctunco 
of  tlio  base  re  j, leu  between  tho  two  base  contacts  has  a  design-center  value  of  10  K  o'oris. 

Tluis  tills  tetrode  transistor  rcquiivs  a  busc-to-basc  current  of  only  ICO  >vi  to  produco  a 
trwnsverso  volb -  e  of  one  volt  in  t’.ic  bacc  region.  Tho  results  of  the  Kui’4a  pulco  reactor 
tests  shown  in  I’i".  9  nay  bo  used  to  calculate  the  observed  tranovcrco  bauo  rcsiotanco. 

Tlio  critter  junction  was  initially  forward  biased  0.6  volto  which,  when  added  to  tlio  ob¬ 
served  transient  reverse  biao  of  2.C2  volts,  yields  a  transverse  volta-o  of  3*^2  volts. 

Kith  an  observed  baso  current  of  210  /ju  vc  obtain  a  valuo  of  17  2C  for  tlic  cffoctivc  trans¬ 
verse  bacc  recictar.ee.  Tills  value  compares  very  well  with  tlio  value  of  10  K  cxpcctod  for 
tlic  similarly  constructed  tetrode  device. 

eI:UIVaijji;t  ceicuit 

Tlio  results  of  tlio  effects  diseuoccd  so  fur  can  now  be  used  to  construct  on  equivalent 
circuit  for  tuny  transistors  which  should  fairly  well  describe  the  quantitative  tire- 
dependent  behavior  of  such  devices  when  exposed  to  short  pulcco  of  ioniaii^j  radiation.  Tho 
equivalent  circuit  should  bo  aixnsblc  to  iucci*tion  in  an  cnuloc  computer  representation  of 
a  ccuploto  circuit  which  could  bo  useful  in  pre  die  tins  tho  circuit's  responao  W‘  tranaiont 
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radiation  puluca.  Tin  circuit  presented  vill  be  crw»  rally  applicable  to  ouey  typoo  of 
truiuiiolovo  but  \n> a  developed  in  particular  for  tlio  211336  dovico. 


i‘i,*r»ro  10  r.hovo  tl»j  clxpllfiid  e<ini  valent  circuit  end  a  block  ait^nui  of  Um  analog 
computer  funationu  noeeusar/  l'or  ita  proper  up  rut  ion.  The  basic  p.eucrul  lu-oocduro  couoloto 
of  lncortin^  cxecno  c.ia;\>;  onto  tho  eultUT-buoc  depletion  und  dlCfuoloii  eupuciluiicoc, 
urvl  Up  rcopoctlvoly,  by  ream  of  tlio  current  ivwtvu tor,  1^,  willed  reprunentu  Uw  influx  of 
cuoor/e  uij ority  corriorn  into  the  buca.  Limit  ivouoly,  ibero  cxccan  cinr^.o  cun  lcovo 
the  bauo  by  tvo  »:ch-a:.iy:i’js  either  (l)  by  re  eorM  nation  vlth  bu.oo  rinorlty  cerricro  ca 
ixpivocnted  by  tin  negative  current  generator,  i  ,  or  (d)  ly  flowing  through  the  trann- 
vorjo  UxCM  racist' .noo,  rot,  end  out  tin  base  loci,  B,  to  tlio  cuittcr,  II,  tlirouji  the  r.rtor- 
ml  booo-to-ci  liter  lice  or. nee  willed,  in  tliic  cuco,  inclunoo  only  I:~.  und  in  parallel* 

Tin  rcnultinj  tiui-dvpendent  internal  base -to -emitter  photovolWco,  AV^,  io  then  uued  to 
(;oiKr,  to  tin  Uvuuicnt  collector  current,  I  ,  which  in  tum  io  used  to  ultcr  contir.uouyly 
tlvj  Value  of  tlio  currcnl-dci’cixlont  diffusion  o.nucitunco,  C2*  Tlw  oboervod  external  •buoc- 
to-cr.dttcr  i>hot07oltw.wo,  AVj^,  tuy  oloo  bo  uonitored. 

Lpoclficolly,  tin  tire -dependent  vuluo  of  iT)  i>ay  bo  obtained  exactly  from  oquutiono 
(i  )  und  (i)  willed,  for  the  £103 dcflnco  too  rujor  contribution  of  primary  liolo  current  vliich 
clurcea  tin  baoo  rc^on.  Tin  recombination  current,  ir,  io  dote  ruined  by  tlio  cxcouo  cborco 
on  C£  only  end  io  Given  by 


ir  (t)  - 


<*> 

~^b 


(12) 


whoro  tlio  value  of  ACbj(t)  io  determined  by  tho  inctnntoneouo  valuo  of  tba  rholovoltuco, 
AVt)0(t) ,  according  to'  tliu  rclutlon 


A‘t2(‘)  -c®  [«  “'AV|“(t>(vJ0  ‘AV^to)  -  v2o  ] 


(13) 


Equation  (13)  in  obtuimd  from  caution  (i>)  and  bscic  principles*  AV’|yQ(t)  io  uloo  used 
to  determine  tUo  rcoultinj  colactor  current,  IQ(t),  uccoruinc  to 


o 

■H 

4Kk 


AVlxJ(t) 


lc(t)  •  Ic  « 

vliich,  in  turn,  detemLnon  Co(t)  tlirou"h 

,  ( i=(b  \ 


c2(t) 


3 


w 


(15) 


In  tho  above  procedure  cortsin  uccu;.\i>tiono  huvo  been  nude  for  reaoono  of  ciirplicity 
au  follouu: 


I.  The  primary  pbotocurrcnt  of  holco  from  cnittcr-to-bnoo  io  noGlijiblo  compared  to  that 
from  collcctor-to-baao. 

II.  The  priu. ay  photocurrent  of  electrons  leaving  the  baco  io  nccliciblo  compared  to  i.., 

3.  Tno  variation  of  durlr^  tlio  trunoient  io  rio^li^lble.  * 

h,  Tno  collector  do  pie  Lion  capacitance  ic  dull  compared  to  CpI 

5.  It  ia  unnoceccary  to  consider  tho  parai0.tc.r3  C1#  CS  and  uo  belnj  dictributed 
ulonG  tho  trancvorce  ulrection. 
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6.  The  crXWsr  Vo  Xy  rc:'i*,t*r.ce  is  irg1 JLglblo. 

Y.  iligh-lr  vol  injection  dooi  not  occur. 

For  th »  unscturctbl  rX33<j  tlrse  e'Jcwi-’ptJlcno  r.w  sufficiently  vail  I  but  for  other  trun- 
olctoro  ovih  would  lv-vo  to  Nj  rj-ev.il'U’.tcd. 

ceiwj.ir.xcrs 

A  series  of  cxpo?ittar.tul  ol<c.  rvstlono,  support'-d  by  a  quantitative  tboorotical  envoi- 
yuls  lion  defined  the  ensontinl  features  of  the  response  of  a  trunoiutor  to  a  ohort  puloo 
of  X-rayo.  The  oImcwmI  e'Cccts  cun  explained  by  tin  terror  ary  storage  of  u/Jority 
curricrj  ou  tho  deplotion-luyor  and  diffujion  eupacituncso  associated  vith  tho  critter 
Junction. 

Specific  observations  vliicli  load  to  this  conelunion  uro  tho  following! 

1.  A  dolrycd  buildup  of  the  «eccn«Uvy  current  pulse  following  flnsh  X-ray  irradiation. 
This  delay  io  euur.ed  Iry  t’n  diffusion  tlm  of  curriers  from  the  collector  lxxly  in  grown- 
J unction  devices  hut  by  i>/:ic  tr  a/it  tlm  ir.  If/./  or  rrnll/n  fmquucy  alio;*  types, 

2.  The  transient  current  pulco  c  u  pe  h  1‘u’Oj  the  observed  bor.c-to-o:rittor  voltage. 

3.  nt  low  current  l.-vuln,  uinn  dopL  tion-1  .yor  capacitance  pivJouinutcs  over  diffusion 
capucitar.co,  tho  peal;  curr  nt  in  i0.  .0: t  a  m  tie  lly  dependent  on  the  radiation  doso 
received,  whereas  at  hig’rr  curcnt  levels  the  diffusion  capacitance  io  dominant  end  tho 
real;  current  ic  linearly  di.qqnirrnt  on  radiation  done. 

h.  ,\n  increase  in  Initial  bins  level  will  inureuco  the  observed  rhotocurrcnt  at  low 
current  lcvelu  but  will  Inve  little  or  no  effect  at  higher  currents. 

5.  In  situations  vherc  t!io  diffusion  ccp-t/ltiUico  is  dominant,  tho  decay  tire  constant 
of  the  current  ;nilao  1,  lit;  s.c/j  uo  tV.*  minority  carrier  lifetime  in  t!io  base,  provided 
that  tlio  external  basc-to-enittcr  ii.£<.ilvuco  in  sufficiently  high. 

C.  For  relatively  low  external  l/usc-to-c/oittor  ror.lstar.cco  tJio  decay  tine  constant  of 
tlio  current  pulse  io  determined  principally  by  the  product  of  tills  rociotaneo  end  tho 
Junction  capacitances. 

7.  Saturation  offccto  in  tho  21533*5  can  bo  explained  by  nodulutlon  of  the  collector  body 
resistance. 

The  magnitude  of  the  secondary  rhotocurrcnt  puloo  may  be  cstiivitcd  for  various  typco 
of  trurijistorii  from  calculations  of  the  uvailablc  charge  due  to  radiation.  Such  estimates 
have  been  fouid  to  bo  in  good  agreement  with  tho  observed  pulses. 

A  oli(plo  equivalent  circuit  of  tlio  transistor  follavo  naturally  from  tho  thcoroticul 
description  of  tho  processes  which  occur  after  irradiation.  Thus  tlio  prediction  of  circuit 
behavior  under  sivdlar  radiation  conditions  is  greatly  facilitated. 

In  cpito  of  tho  fact  that  u  erect  deal  of  cipcrlr.icntal  and  theoretical  information  hoa  • 
been  obtained,  uuch  uoro  void;  io  necessary  in  order  to  charucteriue  completely  u  transistor 
in  a  pulsed  X-r..y  environment.  In  particular,  it  io  necessary  to  extend  tho  investigation 
to  other  types  of  devices,  especially  those  vith  Much  higher  frequency  cupabilitlco  and 
wiUi  different  geometries.  Secondly,  tho  effects  of  external  circuitry  rtuat  bo  examined  in 
more  detail,  A  third  general  urea  for  further  study  is  tho  effect  of  longer  radiutiai 
puloco  ouch  as  are  produced  by  linear  accelerators  (1  jr/cc)  or  pulsed  reactors  (100  jn/uc)  * 
Finally  it  should  be  observed  tliat  it  io  dcoirablo  to  undcrtalcc  a  looro  dotailed  quantitative 
investigation  of  the  tir.w  dependence  of  the  clira'go  concentrations  in  tho  buoo  region  vxilch 
produce  tlio  obcoi*vod  current  conponeuto  in  tho  transistor.  At  the  present  time  work  io 
underway  in  each  of  tlioco  areas. 
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FIGURE  5. 


Measured  emitter  current-voltage  decay  curves  following 
X-ray  pulse. 
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